A phenomenological theory of the martensitic fcc-hcp transformation is proposed and applied to the illustrative example of cobalt. The fcc and hcp structures are shown to result from different ordering mechanisms from a disordered polytypic structure and to be intrinsically faulted. The three, fcc, hcp, and disordered polytype, structures are inserted in the framework of the segregation process which leads to the formation of close-packed structures from the melt. The essential features reported for the fcc-hcp transformation in cobalt are explained within the preceding model, namely, the asymmetry of the interphase region, the phonon spectrum, the ␦-shape of its specific heat anomaly, and the existence of an intermediate modulated structure. The property of the transformation enthalpy to be different on heating and cooling is related to the different degree of order of the hcp and fcc structures. The partial dislocation mechanism currently assumed for the transformation is deduced from the secondary shear strains involved at the transformation.
I. INTRODUCTION
Face centered cubic ͑fcc͒ and hexagonal close packed ͑hcp͒ structures coexist in the pressure-temperature phase diagrams of more than twenty elemental crystals, 1,2 but only for six of them ͑He, Fe, Co, Tl, Pb, and Yb͒ is there a direct transition between a fcc phase and the simplest ͑hcp͒ closepacked bilayer structure. Hence in the lanthanides Sm, Gd, Tb, Dy, and Y, the fcc and hcp phases are separated by higher-order polytypes, namely, the double hcp ͑dhcp͒ and nine-layered rhombohedral ͑9R͒ structures. In other lanthanides ͑La, Ce, Pr, Nd, Pm͒ and some heavy actinides ͑Am, Cm, Bk, Cf͒ the hcp phase is absent and only the fcc-dhcp and fcc-triple hcp ͑thcp͒ transitions take place. In Cs and Xe the high-pressure hcp and low-pressure fcc phases are separated by intermediate structures.
With the exception of cobalt all the elements displaying a fcc-hcp transition possess also a body centered ͑bcc͒ phase in their phase diagram. For example, in Fe, Tl and Yb the bcc phase occupies a large region of the phase diagram being adjacent to both the fcc and hcp phases. In these three elements the fcc and hcp structures can therefore be deduced from their parent bcc structure via the Bain deformation 3 and Burgers 4 mechanisms as described in Refs. 5 and 6. In contrast the phase diagram of cobalt, which has been recently explored up to 100 GPa and 3000 K ͑Ref. 7͒ shows no presence of a bcc phase. Accordingly the preceding mechanisms cannot be invoked for describing its fcc-hcp transformation. This remark holds for 3 He and 4 He for which the bcc phase occupies a restricted region of the corresponding phase diagrams 1 being exclusively in contact with the hcp phase, far from the region of stability of the fcc phase. In Pb the high-pressure bcc phase 8 seems also to have no contact with the fcc phase but the phase diagram is still largely unexplored.
The fcc-hcp transformation in Co is currently designated as martensitic [9] [10] [11] due to its diffusionless character, its considerable thermal hysteresis and the typical nucleation and growth processes. It shows a shape memory type effect which concerns the relative orientation of the fcc and hcp structures when cycling across the transition. 12 Furthermore the transformation temperature T m , as well as the amount and extent of transformed structures is drastically affected by various factors, namely, the external stresses 13 or the alloying with soluble atoms ͑such as Fe and Ni͒ 14 or with metallic and nonmetallic elements of limited solubility range. 15 There exist however, a number of features which makes the transition in Co different than the martensitic transformations found, for example, in bcc-based metals and alloys. Thus the transformation, which takes place at T m Ӎ695 K at ambient pressure is weakly first order, as attested by small changes in enthalpy (⌬hϭ113 cal mol Ϫ1 on heating͒ and volume (⌬V/VӍ3.3ϫ10 Ϫ3 ) and by a sharp singularity of the specific heat. 16 On the other hand no significant softening of the relevant phonon branches could be observed [17] [18] [19] [20] [21] in the lowtemperature ͑hcp͒ or high-temperature ͑fcc͒ phases but only a slight decrease of the c 44 hexagonal shear constant 19, 21 when approaching T m from the hcp phase. There is also a strong tendency to disordering of the structure which is reflected in the dependence with temperature of the width of some diffraction lines 22 and anomalous diffuse scattering 23 along certain directions in reciprocal space which can both be interpreted in terms of stacking faults. 24 In the region of coexistence of the two structures around T m the disorder is also manifested in pure cobalt by the appearance of a modulated structure 23 and in cobalt alloys by the stabilization of high-order polytypes. 25, 26 Many theoretical models 10, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] have discussed the fcchcp transformation in metals and alloys. Most of them [27] [28] [29] [30] [31] [32] [33] [34] [35] focus on the transformation mechanism between the two close-packed structures described in terms of nucleation and growth processes. They differ in the details of the nucleation process and in the way the partial dislocations propagate from plane to plane. Other approaches are formulated in terms of shearing mechanisms, 4, 10, 36 or Fermi-surface mechanisms taking into account the average electron concen-tration per atom. [37] [38] [39] None of the proposed models allow to give a comprehensive picture of the intricate variety of experimental features reported for the transformation in cobalt. The aim of the present work is to propose a unified description of this transformation in the framework of the segregation process which leads to the formation of the fcc and hcp close-packed structures from the melt. The observed properties of Co will be deduced from the ordering nature of the segregation mechanism and from the corresponding symmetry of the transformation order-parameter defined in terms of the proper critical variables and thermodynamic functions.
The article is organized as follows. In Sec. II we give a phenomenological description of the crystallographic and thermodynamic properties which characterize the fcc-hcp transformation extending the ideas developed in Ref. 40 and insert this description in a theoretical approach to the segregation of close-packed structures from the melt. We then illustrate the preceding model in the case of cobalt ͑Sec. III͒. In Sec. IV we summarize our results and conclude by underlining the properties which differentiate ordering-type martensitic transformations.
II. PHENOMENOLOGICAL THEORY OF THE FCC-HCP TRANSFORMATION

A. Crystallographic description and order-parameter symmetries
Although a close packing of atoms represented by hard spheres may be realized in several ways, 41, 42 in real crystals close packing always corresponds to a layered configuration which gives the possibility of isolating planes of atoms packing in closest manner. These planes are stacked according to some rules of filling up space and they represent hexagonal packing of spheres each of which is in contact with six nearest neighbors ͓point A in Fig. 1͑a͔͒ . In the centers of the triangles formed by neighboring atoms exist geometrically equivalent sites denoted B and C in Fig. 1͑a͒ . A spatial close packing is realized when each of the successive layers occupy the free spacings left by the preceding layer related to positions of the B or C type. The stacking order of the layers determines the type of close packed structure. For the equiradii ͑R͒ close packed spheres shown in Fig. 1͑a͒ in addition to the condition a h ϭb h ϭ2R where a h and b h are the hexagonal lattice parameters one has additional conditions reflecting the close packing in the third dimension: c h ϭa h ͱ8/3 for a two-layer stacking structure, c h ϭa h ͱ6 for a three-layer structure, etc.
The two-layered ͑hcp͒ and three-layered ͑fcc͒ structures represent the simplest close-packed configurations of hard sphere atoms. In their unit cells shown in Figs. 1͑b͒ and 1͑c͒ each layer is shifted with respect to the adjacent layer by a h ͱ3 in the ͓120͔ hcp crystallographic direction. The basic vectors of the hcp unit cell is expressed in functions of the basic vectors of the fcc rhombohedral ͑primitive͒ unit cell as
From Eq. ͑1͒ or directly from the hcp and fcc structures, one can deduce that the maximal substructure common to the hcp and fcc structures is composed by a monolayer hexagonal structure which has the simple hexagonal symmetry D 6h 1 and unit cell volume VϭV h /6ϭV c /3 where V h and V c are the respective volumes of the hcp and fcc unit cells. Figures  1͑d͒ and 1͑e͒ show the unit cell of the substructure which we denominate the L structure within the hcp and fcc structures. One can see from these figures that the L unit cell is filled by 1/3 atoms, i.e., it corresponds to an occupancy Zϭ1/3 for the L structure. This fractional number must be understood as follows: In a given monolayer the atoms occupy the crystallographic position 1͑a͒: ͑000͒ and only one among the three positions A, B, and C is occupied. In the next layer the atoms cannot be again in position A but only in position B or C, say B. In the following layer they will occupy the position A or C, and so forth. In other words the L-layer stacking corresponds to a statistically disordered polytype structure in which the A, B, and C sites are equivalent, the 1͑a͒ positions being occupied with equal probabilities 1/3 by atoms. We will now assume that the polytype L structure is the parentstructure for our description of the fcc-hcp transition. With that goal let us write the basis vectors of the hcp and fcc unit cells in terms of the basis
From Eqs. ͑2͒ and ͑3͒ one can deduce the wave vectors expressing the breaking of the translational symmetry at the virtual L→hcp and L→fcc transitions. One finds, respectively, k 15 ͑b͒ Two-layered hcp structure. ͑c͒ Threelayered fcc structure. ͑d͒ Unit-cell of the disordered polytype structure within the hcp structure. ͑e͒ Unit-cell of the disordered polytype structure within the fcc structure.
hexagonal Brillouin zone boundary. 44 
͑4͒
At the crystallographic level the ordering mechanism taking place at the L-hcp transition corresponds to the splitting of the initial onefold site 1͑a͒ into three twofold positions: 2͑b͒: (000,00 . Since in the initial disordered L-structure only one 1͑a͒ position among three is occupied in the ordered hcp structure only one of the twofold positions will be occupied by two atoms. Actually as a result of close packing the hard sphere system of atoms will occupy either position 2͑c͒ or 2͑d͒ since they are crystallographically equivalent. The resulting twolayered hcp structure will fulfil the standard ratio for the unit cell parameters c h /a h ϭͱ8/3Ӎ1.63.
͑b͒The L-fcc transition. The wave vector k 10 associated with the L-fcc transition is located on the edge ͑the KH-line͒ of the hexagonal L-Brillouin zone. 44 Its invariance group is Ĝ (k 10 )ϭC 3v . 43 Therefore the star k 10 Ã has four branches,
From the identity IR of C 3v one can construct the 4ϫ4 matrices generating the IR 1 (k 10 Ã ) which are given in the Appendix from which the possible symmetries induced by 1 (k 10 Ã ) and the equilibrium values of the corresponding four-component order parameter denoted ( 1 , 2 , 3 , 4 ) are obtained. One finds seven different symmetries: ͑i͒ D 6h 1 (Vϫ9) for 1 ϭ 2 ϭ 3 ϭ 4 , ͑ii͒ C 3v 1 (Vϫ9) for 1 2 3 4 , ͑iii͒ D 3d 3 (Vϫ9) for 1 ϭ 2 , 3 ϭ* 4 , ͑iv͒ D 3d 5 (Vϫ3) for 1 ϭ 2 0, 3 ϭ 4 ϭ0, ͑v͒ C 3v 5 (Vϫ3) for 1 ϭ 2 ϭ0, 3 4 , ͑vi͒ D 3h 1 (Vϫ9) for 1 ϭ 3 and 2 ϭ 4 , and ͑vii͒ C 6v 1 (Vϫ9) for 1 0, 2 ϭ 3 ϭ* 4 . Only two of the preceding solutions ͑iv and v͒ involve a threefold multiplication of the L unit cell in agreement with Eq. ͑3͒. The solution iv actually coincides with the fcc symmetry (O h 5 ,Zϭ1) due to the specific crystallogeometrical conditions fulfilled by the L unit cell which are ͑i͒ a 1/3 occupancy of the L structure by the atoms and ͑ii͒ a ratio c L /a L ϭͱ2 corresponding to a close-packed structure. In order to understand why the fulfillment of the preceding conditions leads to a coincidence of the rhombohedral D 3d 5 and cubic O h 5 space groups let us clarify the crystallographic aspect of the D 6h 1 (L)→D 3d 5 (Vϫ3) ordering mechanism. In this mechanism the initial 1͑a͒ position splits into 1͑a͒ and 2͑c͒: Ϯ( and to an eventual shear strain (e 4 ) acting as an adjusting secondary order parameter. In summary the fcc-hcp transformation can be interpreted as a transition between two ordered phases corresponding to different ordering mechanisms starting from a common disordered polytypic phase of hexagonal symmetry D 6h 1 . In this interpretation the parent polytypic phase has been considered as a virtual structure which is not necessarily stabilized in the system. Its physical realization will be discussed in a more precise way in Sec. II C.
B. Phase diagrams
Let us work out the different types of phase diagrams involving the fcc and hcp phases which can be deduced from the preceding considerations. The transformation properties of the ( i ) (iϭ1,2) and ( i ) (iϭ1 -4) order parameters respectively associated with the LϪhcp and LϪfcc transitions allow one to construct 45 have been discussed by Rochal. 46 They lead to different phase diagram topologies depending essentially on the signs of c, a 2 , and ⌬ϭ4a 3 b 2 Ϫc 2 . Figure 3͑a͒ shows the phase diagrams corresponding to cϾ0 and ⌬Ͻ0 in the plane of the coefficients (a 1 ,b 1 ) which are assumed to vary linearly as functions of the two external variables T and P. It contains four phases denoted 0, I, II, and III. 0 is the L phase obtained for ϭ0, ϭ0. I is the hcp phase forming for 0, ϭ0.
II is the fcc phase (ϭ0, 0). III is a six-layered structure which corresponds to the minimal superstructure common to the hcp and fcc structures. This additional stable state results from the coupling of the two irreducible order parameters ( i ) and ( i ) and is stabilized for 0 0. In Fig. 3͑a͒ the boundaries ͑limit of stability lines͒ of the L phase with respect to the hcp and fcc phases are given by b 1 ϭ0 and a 1 ϭ0, respectively. The limit of stability of the hcp phase with respect to the fcc phase is also a straight line defined by the equation a 1 ϭcb 1 /2b 2 and the value of the hcp order parameter within phase I is given by 2 ϭϪb 1 /2b 2 with b 1 р0, b 2 Ͼ0. The boundaries of the fcc phase II are determined by the equations ͑3a 2 ϩ8a 3 ͒у0 and cϩb 1 у0. ͑9͒
For positive values of one has the situation found in Fig.  3͑a͒ in which the boundaries of the fcc phase correspond to a parabolic branch and to the a 1 ϭ0 line. In this case the region of coexistence of the hcp and fcc phases contains the domain of stability of phase III. The topology of the phase diagram is more complicated if the value of the fcc order parameter changes its sign. Figures. 3͑b͒ and 3͑c͒ ͑corre-sponding to cϾ0 and cϽ0, respectively͒ show that in this case there are two disjunct regions of stability for the fcc phase denoted II and IIЈ, which are separated by a forbidden ͑unstable͒ interval for the values Ϫ(3a 2 /4a 3 )ϽϽ0, where a 2 and a 3 are assumed to be positive ͑i.e., taking a 2 Ͻ0 is equivalent to changing the sign of in our considerations͒. Figure 3͑d͒ shows the phase diagram corresponding FIG. 3 . Phase diagram corresponding to the order-parameter expansion expressed by Eq. ͑6͒: ͑a͒ when ⌬ϭ4a 3 b 2 Ϫc 2 Ͻ0 and cϾ0 with Ͼ0. ͑b͒ and ͑c͒ Existence of two disjuncted regions of stability for the fcc phase denoted II and IIЈ, which are separated by a forbidden interval. ͑b͒ cϾ0, ͑c͒ cϽ0. ͑d͒ Phase diagram for ⌬Ͻ0 and cϾ0 but with two distinct regions of stability for the fcc phase. ͑e͒ and ͑f͒ Phase diagrams for ⌬Ͼ0 and ͑e͒ cϾ0 or ͑f͒ cϽ0. Phase III splits in this case into separated regions of stability ͑III and III Ј). In all the phase diagrams only the limit of stability lines are represented.
to the same conditions (cϾ0,⌬Ͻ0), as in Fig. 3͑a͒ , but with two distinct regions of stability for the fcc phase denoted II and IIЈ which are separated by phase III. Note that phase IIЈ occupies a region of the (a 1 b 1 ) plane which is adjacent to phase II. Therefore a first-order anti-isostructural transition II-IIЈ corresponding to a change in the sign of can occur.
Figures. 3͑e͒ and 3͑f͒ represent the possible phase diagrams in which the conditions (⌬Ͼ0, cϾ0) and (⌬Ͼ0, cϽ0) hold, respectively. One can see that for such conditions phase III may also split into separated regions of stability determined by different signs of . The effective coupled order parameter expansion given by Eq. ͑6͒ has the simplest form which can be taken for describing the phase diagrams associated with the ( i ) and ( i ) order parameters. More complex expansions can be assumed that would produce different topologies of the theoretical phase diagrams. Considering for example, a sixth degree term in ͑i.e., a first-order L-hcp transition͒ may lead to a situation in which phase III becomes unstable and only a direct fcc-hcp transition takes place. Some of the qualitative features of the phase diagrams shown in Fig. 3 correspond, however, to specific properties of the fcc-hcp transition. In particular Fig. 3͑a͒ shows that the region of coexistence of the two phases varies with decreasing values of a 1 and b 1 , i.e., the discontinuous character of the transition changes with temperature and pressure and may reach as it is observed in some fcc-hcp transformations, a weakly first-order regime. A six-layered structure between the fcc and hcp structure and the antiisostructural phases (IIЈ and IIIЈ) are further remarkable features of the phase diagrams represented in Fig. 3 .
C. Stacking faults and domain structure
From our proposed approach to the fcc-hcp transition one can deduce that the fcc and hcp structures are intrinsically faulted. There are two different origins for the stacking faults. One type of stacking fault which is symmetry induced and independent of temperature results form the existence of antiphase and orientational domains which occur at the L-hcp and L-fcc transitions. Another type of ͑temperature dependent͒ stacking fault relates to the ordering character of the order parameters. Let us first analyze the stacking faults associated with the domain texture of the phases. At the L Ϫhcp transition the point group symmetry (D 6h 1 →D 6h 4 ) is not modified but one has a sixfold decrease of the translational symmetry expressed by Eq. ͑2͒. Therefore antiphase domains are created which transform into one another by the translations lost at the transition. Table I lists At the L-fcc transition the underlying change in the pointgroup symmetry (D 6h →D 3d ) and the corresponding threefold multiplication of the L unit cell lead to two different types of domains: ͑i͒ two orientational domains transforming into one another by the lost sixfold rotation and ͑ii͒ three antiphase domains. Table II As for the L-hcp transition the contacts between the domains in the fcc structure must preserve the atomic close packing. At variance with the hcp structure one finds two types of stacking faults: ͑1͒ deformation-type stacking faults resulting from the contact between for example, the domains denoted 1 and 3 in Table II . It gives the layer stacking 
Twining ͑growth͒ stacking faults due, for example, to the contacts between the domains denoted 1 and 4. The layer sequence is in this case
Accordingly the domain structure and the structure of the domain walls lead to intrinsically faulted hcp and fcc structures the distribution of stacking faults being symmetry induced. These stacking faults are independent from temperature, i.e., they cannot be annihilated by external fields ͑aging, annealing, etc.͒ and give rise to a single domain, since we deal with a probabilistic mechanism with no conjugated field. Another type of temperature-dependent defects can be found in the close-packed fcc and hcp structures originating in the nonmaximal character of the order parameters which is inherent to the assumed ordering-type mechanism. In the disordered polytype structure each close-packed layer corresponds to a stacking fault. The ordering process leading to the hcp and fcc structures can be characterized by the number
where N is the total number of close packed layers and N d is the number of stacking faults. N d /N represents the concentration of stacking faults and one has ⌬ϭ0 in the disordered polytype structure and ⌬ϭ1 in the ideal close packed structures. Intermediate states correspond to 0Ͻ⌬Ͻ1. The value of ⌬ at a given temperature and pressure is determined by the number of defects. Far from the transition within the close packed phases, the asymptotic value of ⌬ will reflect the symmetry induced type of stacking faults. Close to the transition ⌬ accounts as well for the temperature dependent defects. In the following subsection we formalize such considerations in the framework of a phenomenological description of the ordering of close-packed structure which is inspired by a model of segregation in complex fluids. 48 This will give a more realistic picture of the parent polytype structure assumed in our approach.
III. SEGREGATION PROCESS TO CLOSE PACKED STRUCTURES
Let us consider the transformation from the melt to a structure formed by stacked hexagonal layers. 
where the k j are the infinite set of wave vectors ending on a sphere of given radius ͉k j ͉ and transforming into one another by the symmetry operators of O (3) . The Y m l (mϭϪl, . . . , ϩl) are the spherical harmonics of order l. The infinitedimensional IR's of Ẽ 3 are denoted D mk j . For given m two conjugated functions ⌽ k j Ϯm are needed to construct a real ͑physically irreducible͒ representation. Let 0 (r)ϭconst be the probability density of atoms in the isotropic state and s (r) the corresponding probability density in a segregated state. The increment ␦ϭ s (r)
The coefficients m,k j define the components of the infinite-dimensional order-parameter associated with the transition between the isotropic liquid and a segregated state. Since the transition corresponds to an ordering mechanism the m,k j necessarily transform as the IR denoted D 0k j , i.e., they correspond to the set ͕ 0k j ͖ ͑denoted hereafter as ͕ k j ͖͒. This results from the following arguments: Any IR of Ẽ 3 is constructed from a small IR ( 1 ) associated with the invariance group of one branch ͑say k 1 ) of the star k 1 Ã which is G k 1 ϭSO (2) . 50 Since the ''unit cell'' of the parent isotropic state is reduced to a single atom which is invariant under all the symmetry operations of Ẽ 3 1 will necessarily coincide for an ordering mechanism, 51,52 with the identity IR of SO (2) •e ik j •r where the arbitrarily oriented wave-vectors k j belong to the same star. It follows immediately that the nth power invariants of the order-parameter components I n ( k j ) correspond to products of the basis functions determined by the conditions ͚ iϭ1 n k i ϭ0. Therefore the variational free-energy density F( k j ) associated with the transition from the isotropic state will contain invariants of all powers n except the linear invariant I 1 ( k j ) which has been implicitly excluded from Eq. ͑12͒ by assuming a lowering of symmetry when going from the isotropic to the segregated state. In particular ͑one or two͒ cubic invariants will be present. Hence the transition to the segregated state is necessarily first order except essentially at an isolated point of the phase diagram ͑Landau point͒ where the coefficient of the ͑single͒ cubic invariant vanishes identically.
Depending on the number of nonvanishing independent k j and on the respective equilibrium values of the k j different segregated phases can be stabilized below the isotropic state whose symmetries correspond to subgroups of G of Ẽ 3 . Figure 4 show the orientation of the wave vectors involved in the formation of the hcp and fcc structures from the melt. Hence the hcp structure requires three independent wavevectors of equal lengths ͉k j ͉ϭ3ͱ3 pertaining to a twelve arms irreducible star 43, 45 with the following orientations in the hexagonal reciprocal space shown in Fig. 4 . k 1 //͓4 ,4,1͔, k 2 //͓0,4 ,1͔, k 3 //͓4 ,0,1͔, k 4 //͓4,4,1 ͔, k 5 //͓0,4 ,1 ͔, k 6 //͓4 ,0,1 ͔, and k iϩ6 ϭϪk i (iϭ1Ϫ6). The twelve components of the corresponding order-parameter fulfil the equilibrium relationships k i ϭ k (iϭ1Ϫ12) which gives rise to the effective free-energy density, associated with the isotropic-hcp transformation
The segregation of a fcc structure involves an eight-armed star whose branches are k 1 , k 2 , k 3 , k 6 //͓4 ,4 ,1 ͔, k 8 //͓0,4,1 ͔, k 9 ϭϪk 3 , k 13 ϭ͓0,0,3͔, and k 14 ϭϪk 13 . One has again for the eight components of the corresponding order-parameter: k i ϭ k (iϭ1Ϫ8), i.e. the free-energy density associated with the formation of a fcc structure from the melt has the same effective form expressed by Eq. ͑13͒.
The ordering process which leads to the formation of hcp and fcc structures proceeds via the formation of lamellas ͑plates͒ of different thickness 53 with a progressive coalescence of the neighboring lamellas. One can therefore infer the existence below the melt of segregated regions in which the layers form short range sequences ͑e.g., hcp or fcc sequences͒ alternating with nonsegregated regions in which the layers are randomly stacked ͑disordered polytypes͒. Let us denote k the normalized probability for a given layer to be in a segregated region in the direction defined by the k vector and assume the order-parameter k to be a function of k . The explicit form for k ( k ) for a given segregated structure, can be obtained by minimizing the thermodynamic potential
where the integral is over a volume in the k space. F is the free-energy density given by Eq. ͑13͒ and the Ginzburg g-invariant accounts for the fluctuations of k with respect to k . One gets the equation of state
When the right-hand expansion is restricted to the third power Eq. ͑15͒ coincides with the general elliptic equation 54 which can be solved exactly 55 . More generally the bifurcation from the solution k (0)ϭ0 which corresponds to the isotropic state, to the solution k ( k ) 0 corresponding to a fully or partially segregated state can be obtained by linearizing Eq. ͑15͒ around the value k (0)ϭ0. 56 One gets the second-order linear differential equation
where k * is the eigenfunction corresponding to the eigenvalue a 1 * at which the solution k ( k ) 0 branches off the solution k (0)ϭ0. Taking into account the boundary conditions defining the initial isotropic state ͓ k (0)ϭ0͔ and the fully segregated ͑ordered͒ state ͓ k (1)ϭ1͔ one finds the asymptotically exact solution, 56 in the vicinity of a 1 ϭa 1 * which is expressed as
where the amplitude max k is to be determined by the nonlinear terms in Eq. ͑15͒ and depends on the coefficients g, a 1 , (a 1 *), a 2 , a 3 , . . . . The periodic dependence expressed by Eq. ͑17͒ has two levels of interpretation in terms of the crystal structure. It shows on the one hand, that in the ordering process the crystal stratifies periodically forming successive stacked regions in which on the other hand, there is a sinusoidal-type variation from partially ordered to fully ordered subregions. Introducing the function k ( k ) given by Eq. ͑17͒ in the effective free-energy density F( k ) one gets by minimizing F with respect to k the equation of state
In addition to the isotropic ͑disordered͒ state ( k ϭ0 for k ϭ0) one obtains the fully segregated ͑or-dered͒ state for ‫ץ‬ k ‫ץ/‬ k ϭ0, i.e., for ͉cos(/2) k ͉ϭ0 which yields k ϭ1. In contrast to the fully ordered state which coincides with a fixed limit value of k e ϭ1 the k e values associated with partially ordered regions vary with the phenomenological coefficients of the free-energy density, i.e., they vary with temperature and pressure. Figure 5 shows the phase diagram associated with the equation of state ͑18͒ assuming that a 3 is positive. Thus, the partially and fully segregated ͑ordered͒ states which display an identical ͑e.g., hcp or fcc͒ symmetry are separated by lines of topological transformations which are determined by the property that the probability k reaches its maximal value k ϭ1. The two partially and fully ordered states bounding such lines can be reached from the isotropic state across first order transition lines and meet at a three-phase point denoted N 1 ͑or N 2 ) in Fig. 5 . Note that close to the Landau point N 3 the isotropic to ordered state transformation is weakly first order. Note also that each segregated region possesses a symmetric analog corresponding to an opposite sign for k ( k ), i.e., each stable state has an anti-isostructural analog. The existence of antiisostructural states has been already noted in the phase diagrams of Figs. 3͑b͒, 3͑c͒, and 3͑d͒ .
From the preceding results one can infer a qualitative scheme for the segregation process leading to the formation of close-packed structures below the melt. In the partially ordered state shown in Fig. 5 the crystal is organized in a periodic array of stacked domains in which lamellas of ordered ͑hcp or fcc͒ structure are surrounded by disordered sequences of close packed polytypes. On cooling and approaching the fully ordered state the fraction of disordered sequences of layers reduce in each domain increasing the thickness of the lamellas, and simultaneously the neighboring domains tend to coalesce. At the topological transition the fusion of the domains is achieved and the phase is formed by an ordered close packed structure. This picture provides a justification and an interpretation of the disordered polytype structure which has been assumed from symmetry considerations ͑Sec. IIA͒ to be the parent structure for the fcc and hcp structures. Let us stress that for a realistic description of the close packed structures the picture has to be completed by taking into account the existence of stacking faults as discussed in Sec. II C.
Consequently the fcc-hcp transformation will be favored if the system is in the partially ordered state since the coherency stresses between the two structures will be reduced. In contrast the transformation will take place more abruptly when approaching the fully ordered state. This is attested by the form of the region of coexistence between the fcc and hcp structures found for example in La, 57 Pr, 58 and Nd 59 which merges at high temperature and enlarges at low temperature, going from weakly first-order to a strongly firstorder regime. To our knowledge the fcc-hcp transformation in 4 He is the only counterexample to such a behavior, i.e., the region of coexistence between the two phases becomes more narrow on cooling from about 30 to 14 K as found by Frank and Daniels. 60, 61 However, this exception can be explained by the Nernst principle as assumed by these authors.
IV. THE MARTENSITIC TRANSFORMATION IN COBALT
In this section we show that the fcc-hcp martensitic transformation in cobalt provides a concrete illustrative example of the general considerations developed in Sec. II. The essential experimental features of the transformation are interpreted in terms of its reordering and reconstructive characters.
A. Specific features of the transformation in Co
The hcp(␣ or )→fcc(␤ or ␥) transformation in Co takes place around T m ϭ695 K at ambient pressure more than one thousand degree below the melting transition (T f ϭ1768 K).
1,2 With increasing pressure up to above 70 GPa, the hcp-fcc transition line remains almost parallel to the melting line. 7 The fact that the fcc structure is always stable above the hcp structure has been attributed to the presence of magnetism which favors the hcp phase as a ground state. 62, 63 Despite the loss of group-subgroup relationship between the symmetries of the phases which typifies reconstructive phase transitions 64 the transition in Co has a weakly discontinuous ͑first-order͒ character. This is attested by the small jump in enthalpy (⌬hϳ113 cal mol Ϫ1 on heating 65 ͒ and volume (⌬V/Vϭ0.329%) 16 involved at T m and by a relatively small hysteresis of about 20 K at ambient pressure. 65 It is also reflected in the close relationship between the structural features of the two phases, 10, 66 namely, ͑1͒ the distance between the close packed planes varies only by about 0.3% at T m both structures displaying the almost ideal close packed rate c/aӍ1.623, ͑2͒ the same atomic coordination exists for the first and second nearest neighbors, and ͑3͒ the fcc and hcp lattices reversibly connect with the epitaxial relationships (111) fcc //(001) hcp and ͓112 ͔ fcc //͓120͔ hcp .
The main distinctive feature of the transformation in Co is the strong asymmetry of the fcc→hcp and hcp→fcc thermodynamic paths which manifests in the following properties: ͑i͒ The average value of the transformation enthalpy is different on heating (113 cal mol Ϫ1 ) and cooling (84 cal mol Ϫ1 ). 65 ͑ii͒ The hcp→fcc transformation is always complete but the reverse fcc→hcp transformation is incomplete: even at room temperature weak reflections of the fcc structure are still present. ͑iii͒ The dhcp Ј phase found at high pressure 7 is stabilized on quenching the fcc phase but not on heating the hcp phase. ͑iv͒ The disorder behavior of hcp and fcc Co differ greatly. 24 The fcc phase just above T m is well ordered. In contrast a stacking disorder is always present in the hcp phase even during the early stages of the transformation. This is attested by the observation of diffuse streaks along the ͓10͔ hcp direction which are not detected in the fcc structure. 24 Analysis of the Debye-Waller factor reveals no anomaly in the hcp phase but an increase of the atomic square amplitude in the fcc phase on approaching T m from above. 21 ͑v͒ The fcc and hcp precursor regimes are also different. 24 In the hcp phase small but distinct preformed cubic lamellae with a volume ratio of 1/100 ͑fcc/hcp͒ exist far below T m and start to grow at 20 K below T m . Some ten degrees above T m small hcp ordered packets exist which do not survive above the hysteresis region. 24 Independently from the cubic domains the c 44 hexagonal elastic constant decreases some 50 K below T m by above 27%, 19 but the corresponding fcc constant ͓ 1 3 (c 11 Ϫc 12 ϩc 44 )͔ shows no equivalent. 21 Other intriguing features of the transformation in Co are: ͑1͒ the form of the specific heat anomaly which shows a sharp increase from both sides of T m with almost the same slope, 67 at variance with the current shape of c p found at first-order transformations.
64 ͑2͒ The absence of soft mode behavior 64 when approaching T m from the fcc or hcp sides despite the c 44 anomaly, which is accompanied by an increase of the internal friction 68 and a simultaneous decrease of the entire branch of transverse acoustic vibration corresponding to the mode. In the following subsections we give a unified description of the preceding properties in the framework of the theoretical model developed in Sec. II.
B. Asymmetry of the interphase region
The fcc-hcp transformation has been assumed in Sec. II A to take place between two differently ordered structures corresponding to the distinct set of effective order-parameter components: (,Ϫ) for the hcp phase and (,,0,0) for the fcc phase. As shown recently for reconstructive transformations between SiO 2 polymorphs 69 when two adjacent phases are associated to distinct subgroup symmetries of a parent phase their interphase is asymmetric. Furthermore, if one considers a thick phase boundary, i.e., not reduced to one or two layers, there exists a surface S m inside the phase boundary which coincides with a minimal deformation. Therefore the volumes of the phases on each side of S m will be different and possess the respective symmetries of the phases. On the other hand, since at the surface S m one shifts from one to another set of order-parameter components (,Ϫ) →(,,0,0), the symmetry of the S m surface will correspond to a cross section of the parent phase.
The preceding picture applies to the fcc-hcp transformation in Co. It is consistent with the difference of fcc and hcp volumes involved in the region of coexistence of the two phases which is much larger on the hcp side than on the fcc side. The S m surface has in Co the simple hexagonal symmetry D 6h 1 of the disordered polytype structure and the phase boundary between the hcp and fcc interphase volumes should be macroscopically distorted by the shear strain e xy required for the formation of the fcc close-packing but not for the hcp structure.
C. Specific heat anomaly
Since the transformation occurs between two differently ordered structures the order-parameter moduli corresponding to the hcp and fcc phases fulfill the conditions
where k is the wave vector corresponding to the ⌫A direction in the hexagonal Brillouin zone and to the ⌫L direction in the cubic Brillouin zone. Therefore the temperature dependence of the effective order-parameter associated with the direct fcc-hcp mechanism will display a steplike behavior represented in Fig. 6͑a͒ . Such behavior is typical of reconstructive transitions between fully ordered phases. 64 the specific heat takes place at the transition. This is in contrast with the upward jump found for ⌬c p on cooling at firstand second-order transitions between group-subgroup related phases. 45 On the other hand, assuming a 1 ϭa 0 (TϪT c 1 ) and b 1 ϭb 0 (TϪT c 2 ) in Eq. ͑6͒ where a 0 and b 0 are positive constants one finds a finite discontinuity of the entropy Sϭ Ϫ‫ץ‬F/‫ץ‬T at T m which on cooling is given by
Accordingly 70 c p (T) will display a narrow ␦-shaped peak at T m as shown in Fig. 6͑b͒ . The two preceding properties of the specific heat (⌬c p ϭ0 and ␦-shaped peak at T m ) have been shown 64 to constitute a typical signature of reconstructive transformations. Such properties are well illustrated by the experimental curve found for c p (T) in cobalt 67 which is reproduced in Fig. 6͑c͒ .
D. Degree of order in the fcc and hcp structures
The antiphase and orientational domains associated with a transition from a disordered polytype structure to hcp and fcc structures are listed in Tables I and II . It has been stressed ͑Sec. II C͒ in our description of the ordering process to close packed structures that the preceding transitions should occur within periodically stacked domains which form the partially ordered state taking place below the melt. Therefore the resulting deformation and growth stacking faults preexist in the hcp structures independently from the martensitic transformation between the two structures. When going from one structure to the other domains are created originating in the loss of symmetry operations related to the absence of groupsubgroup relationship between the symmetries of the structures.
At the fcc→hcp transformation four types of orientational domains are produced which can be deduced from one another by fourfold cubic rotations or equivalently by the four ͕111͖ cubic planes. In the hcp structures two neighboring domains differ by 70.5°as found in Refs. 12 and 13. Figures  7͑a͒ and 7͑b͒ 12 whereas the variants associated to only three cubic directions were reported by Gaunt and Christian 71 and Babkevich et al. 72 The reverse hcp→fcc transformation creates also three types of antiphase domains which shift the atoms along the 5 symmetry two types of orientational domains may be produced which transform into one another by the ͑001͒ hexagonal plane. However only one variant is generally observed after the transformation from the hcp phase. 23 As shown in Sec. II C these different symmetry induced variants should produce temperature independent ͑growth or deformation͒ stacking faults at variance with the temperature dependent stacking faults inherently associated with a nonmaximal value of the ordering order parameter. The detailed investigation by Frey and Boysen 24 based on elastic neutron scattering data on single crystal conclude that the hcp and fcc phases of Co are disordered by a smaller amount than reported in previous studies on powder samples, 22, 73 i.e., 2.5% for the hcp phase and 0.5% for the fcc phase. The degree of disorder in the hcp phase is essentially due to growth faults and is temperature independent when approaching the transformation being also not affected by ageing the sample across the transformation. In contrast the fcc phase, below and above the transformation is well ordered with no evidence of growth faults. However, the observation 12,71 that a crystal of cobalt cycled through the transformation and remaining below 600°C gives on cooling the same single variant in the hcp phase, is in favor of the existence above the transformation of symmetry induced ͑deformation͒ stacking faults.
Summarizing the reordering process between the hcp and fcc cobalt phases, assumed in our model takes place from a less ordered hcp to a more ordered fcc structure. In the two phases in the region surrounding the transformation the observed ͑small͒ disorder corresponds to symmetry induced stacking faults which are predominantly of the growth type in the hcp phase and of the deformation type in the fcc phase. The residual random disorder associated with the ordering of the two close packed structures below the melt is negligible.
E. Irreversibility of the latent heat and the intermediate 6-layered structure
One of the striking features of the martensitic transformation of cobalt is the fact that the transformation enthalpy ⌬h is greater on heating (⌬h h Ӎ113 cal mol Ϫ1 ) than on cooling (⌬h c ϭ84 cal mol Ϫ1 ). This was first reported by Adams and Altstetter 65 and confirmed by Munier et al. 74 who found a difference ⌬h h Ϫ⌬h c Ӎ5 cal mol Ϫ1 . Both studies also show that when the number of transformation cycles increases ⌬h diminishes and the hysteresis width increases. 65, 74 A similar interpretation of this ''irreversible'' behavior is proposed by the two groups of searchers: Cycling through the transformation induces defects in the two close packed structures and the difference found for ⌬h h Ϫ⌬h c is due to the amount of energy needed for their formation. The fact that ⌬h h is larger that ⌬h c is consistent with the property assumed in our description, that the fcc phase is more ordered than the hcp phase: More energy will be required to create defects in the fcc phase when heating from hcp, than in the hcp phase, on cooling from fcc. A great part of these symmetry induced defects remain in the structures and they influence the following cycles. This explains the diminishing of ⌬h during the successive transformation cycles. Note that there is no contradiction between a decrease of ⌬h and an increase of the region of coexistence of the phases as observed by Munier at al. 74 since ⌬h expresses, in part, the energy required to create new defects the number of which decreases on cycling due to saturation. On the other hand the extension of the hysteresis region should be related to a pinning of an increasing number of defects which favors the phase coexistence.
From the values found in Refs. 65 and 74 for ⌬h h Ϫ⌬h c Ӎ5Ϫ30 cal mol Ϫ1 a rough estimate of the number of stacking faults created in one cycle can be given using the amount of energy Eϳ10 Ϫ4 cal mol Ϫ1 calculated by Hitzenberger et al. 75 necessary to create one stacking fault in hcp cobalt close to the transformation. One gets NӍ10 5 stacking faults per mole corresponding approximately to one stacking fault every hundred hexagonal planes.
The enlargement of the hysteresis region on cycling across the transformation is consistent with the form of the region of coexistence of the hcp and fcc phases shown in the theoretical phase diagram of Fig. 3͑a͒ . This region diverges from the N-point enlarging between the lines denoted 3ϪN and 4ϪN in the figure. Crossing the preceding lines one goes from the starting martensite to the starting austenite points denoted M s and A s in Ref. 74 . Further cycling will shift the thermodynamic path towards a larger region of coexistence of the phases. Figure 4 in Ref. 74 shows that the width of the hysteresis region increases from about A s ϪM s ϭ20°C to A s ϪM s ϭ47°C. Therefore in the initial cycles the thermodynamic path is closer to the three-phase N point at which the six-layered phase III begins to be stable and should cross the region comprised between the M A line and line 3 in Fig. 3͑a͒ . The M A line represents the limit of stability of phase III with respect to the fcc phase and line 3, close to the N point is the limit of stability of the fcc and six-layered phase within the hcp phase. Hence the preceding region should correspond to the modulated structure of about 20°C extension observed by Blaschko et al. 23 This is consistent with the description given by these authors in terms of periodic modulation with a six-layer wavelength of the ͑111͒ fcc lattice planes fraction in which platelike nuclei of the hcp phase are coherently inserted into the fcc matrix. In our interpretation the modulated structure reflects the closeness to a stable six-layered phase. An estimate of the location and range of stability of this phase in the pressure-temperature phase diagram of cobalt 76 would require knowledge of the limit of stability lines denoted 3ϪN and 4ϪN in Fig. 3 , which have not been determined experimentally in pure cobalt.
It has to be noted that the modulated structure reported by Blaschko et al. 23 and confirmed by Babkevitch et al., 72 is not symmetric with respect to the fcc and hcp structures but corresponds to a deformation of the fcc structure since the satellite spots are found about the ͑111͒ fcc reflections. Note also that our proposed interpretation is compatible with a description in terms of strain field modulation due to coherency stresses as suggested in Ref. 23 , although the coherency stresses should be due to the coexistence of three phases ͑hcp fcc and 6-layered͒. By contrast it differs from the interpretation given by Babkevitch et al. 72 in terms of a nonrandom segregation of impurity atoms occupying part of the layers, or with that of Mishin and Razumovskii 77 who describe the modulation as a pretranslational effect induced by heterophase fluctuations.
F. The phonon spectrum of cobalt and the elastic anomaly
Investigations of the dynamical properties of cobalt [17] [18] [19] [20] [21] have been performed in order to verify the eventual existence of a soft-mode in connection with the martensitic nature of the transformation and with the suggestion 78 that its mechanism could be triggered by a small decrease of phonon energy related to small displacements. No softening behavior has been found when approaching the transition either from the hcp ͑Ref. 19͒ or fcc ͑Ref. 17,21͒ sides. This is consistent with the purely reordering character of the transformation assumed in our approach since the average atomic positions remain fixed across ordering-type transitions and the jumps of atoms between the sites are supposed to be uncorrelated. This picture is still reinforced by the reconstructive character of the transition which as shown in Ref. 64 , implies no critical fluctuations.
The absence of temperature dependence of the relevant phonon branches constitutes, however, only a partial confirmation of our proposed reordering type mechanism. A more precise confirmation of the mechanism can be found in the frequency dependence (k) on the reduced k-vector of the phonon spectra as it can be used to verify the coincidence of the structures surrounding the transformation in the directions of space preserved by the reconstruction of the lattice, i.e., one expects to find a coincidence of the phonon branches for the two structures in these directions and a softening of (k) at special points corresponding to the translational connection of the two structures. Let us show that an indirect confirmation of the underlying existence of a latent polytypic phase can be found in the phonon spectra reported for cubic 17, 18, 21 and hexagonal 19, 20 cobalt. In order to disclose the structural relationship between the fcc and hcp structures in reciprocal space let us represent the connections between the Brillouin-zones of the three fcc, hcp and L structures. Figure  9͑c͒ represents the superposition of the two spectra the full circles corresponding to hexagonal cobalt 20 and the open circles to cubic cobalt. 17, 18 We can verify the following: ͑i͒ In the direction ⌫A L there is a perfect coincidence for the full and open circles which lie on the same phonon branches in agreement with the doubling of the basic translation in this direction. ͑ii͒ Along the ⌫KM reciprocal space direction there is a good agreement for two phonon branches, whereas for the third branch the two structures give different curves. This discrepancy can be explained by the fact that the experiments on fcc and hcp cobalt were performed at temperatures differing by about 700 K, 17, 18, 20 and by the observation by Frey et al. 19 that the slope of this branch increases when the temperature decreases. This explanation is supported by the convergence of the two curves when approaching the transition temperature T m . Note also that the hexagonal spectrum 20 was obtained on pure cobalt while the cubic spectrum was measured on Co 0.92 Fe 0.08 . 17, 18 ͑iii͒ The crossing of two branches at the K h point in the hexagonal spectrum ͓Fig. 9͑a͔͒ is related to the fact that at this point two small IRs of the C 2v point group degenerate in a two-dimensional IR of the point group D 3h . However the crossing at K h of the two branches in the cubic spectrum ͓Fig. 9͑b͔͒ despite the fact that this point is not at the surface of the fcc Brillouin zone constitutes a verification of the existence of the L structure since K h coincides ͓Fig. 9͑c͔͒ with the surface point K L of the L structure: At K h the cubic structure is reminiscent of the ''parent'' disordered L structure.
The phonon spectrum may also serve as a test to check the influence of macroscopic deformations which are involved at reconstructive transformation mechanisms as such deformations modify the distance between equivalent sites in the initial and final structure ͑i.e., they change the metric of the structures͒. The optical phonon curves will thus display shifts with respect to their location in the undeformed structure whereas acoustic phonon branches undergo changes in their slopes. In this respect the small dip of the optical branch reported by Frey et al. 19 in the hexagonal phase in the direction ⌫A h at 2 3 (0,0,/c) on approaching T m , can be related to the coupling of the primary optical instability to the secondary shear strain e 4 which as noted in Sec. II A is required for the formation of the fcc structure. One has effectively The preceding anomalous dip observed in the hcp phase represents a precursor indication of the shear strain e 4 ϭe yz arising spontaneously in the fcc structure. The corresponding acoustic instability will consist in a decrease in the slope of the hexagonal elastic constant c 44 . c 44 19 and confirmed by Strauss et al. 21 The elastic constant anomaly is consistent with a dip of the Debye-Waller factor measured by Bokshtein et al. 79 and with the increase of the internal friction related by Bidaux et al. 68 to shear modes parallel to the hexagonal planes. The fact that in our approach no spontaneous strain is needed as a secondary order-parameter for the formation of the hcp phase is confirmed by the absence of elastic constant anomalies within the fcc phase on approaching T m and especially of cЈϳc 11 Ϫc 12 ϩc 44 .
G. The high-pressure double hcp phase
Yoo et al. 7 disclosed a high pressure phase in Co identified as a double hcp ͑dhcp͒ structure. The phase denoted Ј, is stabilized on quenching fcc-Co below 60 GPa but not on heating hcp-Co. As the region of stability of the Ј phase lies between the fcc and hcp phases it suggests an adaptive nature for the corresponding structure. The fact that the fcc structure is more ordered than the hcp structure explains why an adaptive structure is required to go through the fcc→hcp thermodynamic path, i.e., the more defective hcp structure can adapt more easily for a direct hcp→fcc path. The x-ray patterns reported for ЈϪCo ͑Figs. 1 and 2 in Ref. 7͒ show that the main Bragg reflections associated with the assumed dhcp structure are surrounded by weak reflections corresponding to a more complex stacking. Such reflections can be interpreted by the property of the four-layered lamellas characterizing a dhcp structure to be surrounded by longer-period polytypes. Note that symmetry considerations ͑see Secs. II and III E͒ favor six-layered ͑thcp͒ ''adaptive'' lamellas between the hcp and fcc structures. This possibility has not been tested in the structural analysis of the Ј phase. 7 The Ј phase appears below the extrapolation of the paramagnetic-ferromagnetic transition line within fcc-Co. It indicates that the lowering of energy barrier between the fcc and hcp structures is favored by the onset of the magnetic ordering. Such property can be foreseen by considering the mixed free-energy expansion
where F(T, P,,) is the effective order-parameter expansion, given by Eq. ͑6͒ associated with the fcc-hcp transformation. The remaining terms in Eq. ͑22͒ express the freeenergy associated with the onset of the magnetization M at the paramagnetic-ferromagnetic transition in fcc Co and the coupling of M with the structural order parameter. Minimization with respect to M of FЈ provides the equation of state
which yields the equilibrium value of M in the ferromagnetic state
Introducing M e in Eq. ͑22͒ gives the renormalized form of FЈ at lower order
showing that for d 2 Ͼ0 and d 1 Ͻ0 an attractive coupling (␦ 1 Ͻ0␦ 2 Ͻ0) decreases the value of F and therefore leads 80 to a reduction of the energy barrier between the fcc and hcp phases.
H. The transformation mechanisms between the fcc and hcp structures in cobalt
Let us show that the order-parameter symmetries assumed in Sec. II A for the ordering mechanisms leading to the fcc and hcp structures allow one to account qualitatively for the observations reported for the fcc→hcp and hcp→fcc transformations in the series of studies by Karnthaler and his co-workers 53,75,81-84 on cobalt and Co-Ni alloys as well as for the previously proposed mechanisms. [27] [28] [29] [30] [31] [32] [33] [34] [35] In Sec. II A, it has been shown that the fcc structure results from specific crystallogeometrical conditions fulfilled by the three-layered rhombohedral structure of symmetry D 3d 5 (R3 m) induced in the ordering process, which leads to an enlargement of the rhombohedral symmetry to cubic. Therefore the fcc→hcp and hcp→fcc transformations proceed via an underlying intermediate structure.
As already noted in Sec. II A the O h 5 →D 3d 5 symmetry change corresponds to a ''pseudo-proper'' ferroelastic transition 85 at which the spontaneous strain e 4 ϭe yz couples bilineary to the primary ordering parameter . The shear stress yz conjugated to e yz is parallel to the close-packed layers and induces as a secondary effect a deformation coinciding with the strain component e xx between two hexagonal planes where the atoms are, for example in A and C positions. Such deformation results in a stretching of, let say the A atoms, which due to the geometrical constraints, produces a jumplike shifting of the atoms from their A positions to the B positions as represented in Fig. 10 . In this figure one can see that this shifting give rise to the onset of a glissile Schockley partial dislocation ͑so called ''partial''͒ characterized by one among the three equivalent Burgers vectors p i of the (a h /3)͗11 00͘ type where a h is the hexagonal lattice vector. Note that the onset of a partial in a layer formed by A atoms does not deform the layer with atoms in C positions, since the A atoms are located in the hollows of the C layer. Only the atoms of C type located above and below the dislocation line can be slightly shifted ͑but not necessarily͒ in the ͓111͔ cubic direction. The row of these out-of-plane atoms therefore appears as a nucleus for a dislocation in the C layer. This process being repeated leads to the growth of an hexagonal lamella in the cubic structure. Besides the set of partials in successive planes appear as a sharp interphase front parallel to the (101 0) hexagonal plane ͓i.e., the cubic ͑210͒ plane͔ ͑Fig. 10͒.
The preceding atomistic mechanism is consistent with the dislocation mechanisms assumed in most models of the fcchcp transformation. [27] [28] [29] [30] [31] [32] [33] [34] [35] and with the direct electronmicroscopy observations. 83 An almost similar mechanism leading to the onset of a partial dislocation in a close-packed hexagonal plane may be invoked for the reversed hcp→fcc transformation although it is less directly grounded on the corresponding order-parameter symmetry. The D 6h 4 →D 3d 5 symmetry change is an ''improper'' ferroelastic transition, 86 i.e., it corresponds to the spontaneous onset of the elastic constant c 14 ϭc xxyz as the result of an improper coupling of the order parameter with c 14 of the form 2 c 14 . Since the physical quantity conjugated to c 14 is the stress product xx yz it may lead again to the coupled strains e xx and e yz which produce the stretching of hexagonal layers and the resulting partial dislocation shown in Fig. 10 . Hence the atomistic mechanism leading to partial dislocations in the hexagonal layers can be only considered as a secondary effect for the hcp→fcc thermodynamic path. A more consistent formation of the hcp→fcc transformation mechanism should be made in terms of an accumulation of stacking faults nucleating initial fcc lamellas of a few atoms in the hcp phase which then grow and expand to form the fcc structure. Such mechanism is supported by the faulting disorder found in the hcp structure ͑Sec. III D͒ which is essentially symmetry induced ͑antiphase domains͒ as discussed in Sec. II, and does not correspond to a random distribution of stacking faults as assumed by Fujita and Veda 31 or Pandey and Lele. 35 Note, however, that a small amount of disorder in the stacking fault distribution is predicted in our approach due to the nonmaximal character of the ordering parameter ⌬ expressed by Eq. ͑10͒.
I. Comparison with the experimental phase diagram of cobalt
Recently two studies have focused on the experimental phase diagram of cobalt 7, 87 which is schematized in Fig.  11͑a͒ . One can see that the hcp phase is embedded within the region of stability of fcc cobalt. When comparing with the theoretical phase diagrams of Fig. 3 it clearly appears that the fourth-degree expansion given by Eq. ͑6͒ is insufficient to account for the experimental features. Figure 11͑b͒ shows 
͑26͒
which differs from the theoretical phase diagram of Fig. 3 by the experimental property that the limit of stability line between the hcp and fcc phases is curved toward the hcp phase as suggested by experimental phase diagram. In order to obtain a suitable fitting with the experimental curves one needs to take into account a linear dependence of three coefficients (a 1 ,a 2 , and b 1 ) on temperature and pressure. The phase diagram shown in Fig. 11͑b͒ 
V. SUMMARY AND CONCLUSION
The present work deals with a general phenomenological description of the transformation between the fcc and hcp structures which is applied to the illustrative example of cobalt. The following results are independent from the specific situation found in cobalt.
͑1͒ The fcc and hcp structures can be described as resulting from different ordering mechanisms from a disordered polytypic structure. Within the segregation process leading to the formation of close-packed structures from the melt the fcc and hcp structures are assumed to order progressively via a periodic array of stacked domains in which lamellas of the ordered structures are surrounded by disordered sequences of hexagonal layers. On approaching the fully ordered states the fraction of disordered polytype sequences reduces in each domain increasing the thickness of the lamellas, and simultaneously the neighboring domains coalesce. The direct reconstructive reordering mechanism between the fcc and hcp structure involves an underlying rhombohedral intermediate structure which produces in both the fcc→hcp and hcp →fcc thermodynamic paths a shear strain e yz giving rise to glissile partial dislocations acting as nuclei for the formation of hcp and fcc lamellas. Note that these pretransitional lamellas are different in origin and nature from the lamellas invoked in the segregation process of the close packed structures.
͑2͒ The preceding picture of the fcc-hcp transformation has to be completed by the property of the two structures to be intrinsically faulted due to symmetry induced antiphase and orientational domains. There are also temperature dependent stacking faults which originate in the nonmaximal character of the order-parameter inherent to the assumed ordering mechanism.
͑3͒ Other general properties of the fcc-hcp transformation which result from the reconstructive and ordering characters of this transformation are ͑i͒ the absence of soft mode behavior which does not exclude the softening of elastic constants related to secondary strains. ͑ii͒ The typical ␦ -shaped anomaly of the specific heat. ͑iii͒ The existence of a sixlayered structure intermediate between the fcc and hcp structures which is stabilized in a region of the phase diagram close to the disordered polytype regime.
A number of general symmetry arguments have been given for explaining the asymmetric features characterizing the transformation in cobalt such as, for example, ͑i͒ the asymmetry of the interphase region which has been related to the property of the fcc and hcp structures to correspond to distinct subgroup symmetries of the parent disordered phase and ͑ii͒ the difference in the fcc→hcp and hcp→fcc mechanisms which have been deduced from the different strains and couplings involved by the underlying rhombohedral structure. However, the asymmetry of the thermodynamic fcc→hcp paths seems to be more enhanced in cobalt due to the specific property of the fcc and hcp structures in this element to display a different degree of order. This property results, for example, in different transformation enthalpies for the two paths which is not a general feature of the fcc-hcp transformation.
In a recent study devoted to the phase transformations in lithium and sodium 80 the properties characterizing reconstructive martensitic transformations of the displacive type were underlined. From the present study one can verify that reconstructive martensitic transformations induced by a reordering mechanism present drastically different theoretical features, namely, ͑1͒ the parent phase ͑e.g., the bcc phase in Li and Na͒ is adjacent to the transformation in the displacive case whereas the parent polytypic structure does not in general, correspond to a definite region of the phase diagram for reordering martensitic transformations. ͑2͒ Although secondary spontaneous strains are required in both types of transformations they play an essential role in the symmetry breaking mechanism leading to displacive martensites whereas they only take part to the transformation kinetics in the reordering mechanism. ͑3͒ The precursor effects show important differences. A slight softening of the phonon mode associated with the order parameter can be observed on approaching displacive martensitic transformations while no softening occurs for reordering type martensitic transformations. Conversely a nucleation process is hardly evidenced in the displacive case while it is clearly observed ͑lamellas͒ in the reordering mechanism. There is however, an essential common theoretical property of the phases surrounding displacive or reordering martensitic transformations of the reconstructive type. In both cases the phases coincide with limit states which result either from fixed critical displacements ͑and fixed critical strains͒ or from definite crystallogeometrical conditions, required for the formation of close packed structures.
